Introduction {#sec1-1}
============

Liver transplantation is a revolutionary treatment for patients with end-stage liver failure. Over the past decade, the demand for this procedure has steadily increased, primarily due to an epidemic of hepatitis B and C related liver disease.\[[@ref1][@ref2][@ref3]\] Living donor liver transplantation (LDLT) surgery was introduced in 1989 to overcome the severe shortage of size-matched deceased donor (DD) organs for pediatric recipients.\[[@ref4]\] Given the increasing shortage of DD grafts for adults, living donation (LD) was then explored as a potential solution to the shortage of DD organs for adults also.

LDLT has the advantage of surgery being done at an optimal time before the recipient\'s health deteriorates unduly. In addition, the recipient receives a high-quality organ due to thorough donor evaluation and shorter cold ischemic time.\[[@ref5][@ref6]\] Maximizing donor safety is critical as adult-to-adult living liver donation becomes more common and complications resulting in donor morbidity and mortality become apparent. Steatosis is one of the many variables that influence a potential donor\'s eligibility. Excessive hepatic steatosis is harmful in two ways - it places the recipient at risk for primary dysfunction of the graft and affects the recovery of the donor after partial hepatectomy.\[[@ref7][@ref8][@ref9]\] Though liver graft volume calculation and biliary and vascular anatomy assessment can accurately be performed by cross-sectional imaging techniques, the gold standard for accurate quantification of hepatic steatosis is still liver biopsy.

Non-invasive imaging tools for liver fat estimation include ultrasound, computed tomography (CT), and magnetic resonance imaging (MRI) methods.\[[@ref10][@ref11][@ref12][@ref13]\] Ultrasound is not considered as a sufficient imaging tool for fat determination in liver because of its inherent limitation of being operator dependent. Also, it has limited accuracy in obese people and in cases with relatively lower grades of liver fat infiltration. CT fat quantification requires undesired radiation exposure in the examination of subjects and provides semi-quantitative liver fat content (FC) estimation.\[[@ref11]\] MR methods, therefore, become the most desirable and useful technique. Various MR methods are available for the determination of liver content, including fat-sensitive T1-weighted Dixon MR imaging,\[[@ref14][@ref15][@ref16][@ref17][@ref18][@ref19]\] fat-selective MR imaging based on frequency-selective excitation or chemical shift selective images (spectral fat or water-selective imaging) known as IDEAL (Iterative Decomposition of water and fat with Echo Asymmetry and Least squares estimation),\[[@ref20][@ref21]\] and 1H-MR spectroscopy (MRS).\[[@ref11][@ref22]\]

It is desirable to avoid using invasive liver biopsy procedure in otherwise healthy liver donors as much as possible. We have tried to establish the accuracy of non-invasive imaging methods for quantifying liver fat to minimize the need for liver biopsy. In fact, the high sensitivity and specificity of MR hepatic FC estimation led the transplant physicians to make MR as the first imaging modality to be performed in liver donors before CT scan to save radiation exposure in patients with grade III hepatic steatosis.

Materials and Methods {#sec1-2}
=====================

Patient selection {#sec2-1}
-----------------

This retrospective study was conducted in our institution on healthy, living related liver donor candidates who underwent preoperative MR imaging for liver donation from July 2013 to October 2014. The study was approved by the institutional review board with waiver given for patient consent. A total of 73 patients were included who had liver fat quantification done by non-invasive imaging methods followed by preoperative or intraoperative histopathologic correlation. Of these 73 patients, 59 were male and 14 were female donors. The patients with deranged liver function tests or other systemic problems were excluded from the study. Patients' height, weight, and Body Mass Index (BMI) were recorded.

Of the total 73 donors, 72 underwent hepatic resection for liver donation. The remaining one prospective liver donor who was suspected of having hepatic steatosis and subsequently underwent liver biopsy did not undergo surgery because of moderate (\>30%) macrosteatosis. The maximum interval between imaging and biopsy was 20 days.

MRI system {#sec2-2}
----------

In our study, liver FC was measured by dual-echo T1-weighted MR imaging \[in-phase and out-of-phase (IP-OP)\] and 1H-MRS. The MR FC estimation was used in predicting the appropriateness of liver donation in potential living related liver donors by using histopathologic results as the reference standard.

All patients underwent MRI before the liver biopsy within a short time interval, maximum being 20 days. MR examinations were performed in supine position on 3.0 T MR Scanner (Achieva; Philips, Netherlands) with a single-channel body coil and a phased-array sense torso coil. The commonly used field of view (FOV) for MRI studies was 450 × 340 mm. A three-plane localization imaging sequence was performed at the beginning of the examination.

MR spectroscopy {#sec2-3}
---------------

For *in vivo* 1H-MRS, a 20 × 20 × 20 mm^3^ voxel was placed in the right hepatic lobe (Couinaud segments V-VIII), avoiding major blood vessels, bile ducts, or liver edges seen on the localization images, and was shimmed automatically. Hepatic FC was measured by 1H respiratory-gated stimulated-echo acquisition mode (STEAM) spectroscopy by using a repetition time of 2000 ms. After a single pre-acquisition excitation pulse to balance T1 saturation on subsequent excitations, five stimulated-echo acquisition mode spectra were acquired at echo times of 15, 20, 25, 30, and 35 ms in a 72 s free breathing technique with respiratory triggering of excitation. This echo time range enabled reproducible T2 estimation while minimizing the confounding effects of fat-peak J coupling.\[[@ref23][@ref24]\] An average display spectrum of the five different TE spectra was obtained and areas of water and the three major fat spectral peaks (0.9, 1.3, and 2.1 ppm) were measured.\[[@ref25]\] Hepatic fat fraction (HFF) was calculated as previously described and was expressed as HFF (=lipid peak area/(water peak area + lipid peak area) × 100).

A single experienced observer analyzed the spectra using MRI vendor supplied standard MRS post-processing software package followed by an in-house developed method to address the inherent effect of spin relaxation on metabolite estimation.

Dual-echo MRI {#sec2-4}
-------------

Dual in-phase, opposed-phase T1-based gradient echo image acquisition was performed in the axial plane during an end-expiratory breath-hold with an approximate acquisition time of 16 s. The two-point Dixon method based on phase-shift imaging\[[@ref26]\] was used in which HFF is calculated by computing relative signal intensity (SI) decrease in the liver on opposed-phase images compared with in-phase images after taking a mean of twelve \>1 cm^2^ regions of interest (ROIs) placed on multiple slices, taking care to avoid areas with vessels, motion artifacts, and partial volume effects. ROIs were placed at anatomically matched locations on paired images by using a co-registration tool available on the workstation to ensure assessment of similar liver parenchyma on in- and out-phase images. Because the tissue of interest is measured at a co-localized location at each TE, depth-dependent SI changes in image do not confound the results.

The dual-echoT1-weighted sequence parameters were as follows: Repetition time of 290 ms; echo time of 1.2 ms for OP images and 2.3 ms for IP images; flip angle, 70°; section thickness, 6 mm; matrix size, 288 × 188; FOV, 34 cm × 45 cm.

HFF was calculated as the percentage of relative SI loss of the liver on opposed-phase images compared to in-phase images, with the following formula: HFF = \[(SI~in~ − SI~out~)/2 × SI~in~\] × 100, where SI~in~ and SI~out~ are SI of IP and OP images, respectively.\[[@ref27]\]

MR imaging results were interpreted by an experienced radiologist who was blinded to clinical, laboratory, and histological findings.

CT system {#sec2-5}
---------

Unenhanced CT examinations were performed with a Toshiba 64-section scanner and the parameters were: 120 kV, 200 mAs with dose modulation, section thickness of 5 mm, and an increment of 4 mm. A total of 12 ROIs were drawn in the liver parenchyma with area measuring \>1 cm^2^ evenly distributed in the hepatic parenchyma, usually in the middle sections of liver, avoiding biliary, vascular, and extrahepatic structures. Similarly, 12 ROIs were drawn on splenic parenchyma. Data were processed by an experienced radiologist. Mean values of liver and splenic ROIs were recorded separately. Liver attenuation index (LAI) was calculated as: Mean liver attenuation − mean splenic attenuation.

Liver biopsy {#sec2-6}
------------

Preoperative liver biopsy was performed in patients suspected of having liver steatosis based on imaging parameters, after taking informed consent from the patient to assess the presence of liver steatosis and the degree of fibrosis or other likely independent or competing liver diseases. In patients with normal FC on imaging, an intraoperative biopsy from the edge of liver graft was obtained during transplant surgery.

Preoperative biopsy technique {#sec2-7}
-----------------------------

In preoperative setting, percutaneous needle liver biopsy was performed with an 18-gauge needle under local anesthesia and ultrasound guidance. In all patients, in order to obtain an adequate sample, biopsy specimens were obtained twice at two different sites in the right hepatic lobe. Liver specimens that were at least 1.5 cm in length and contained at least 10 complete portal tracts were considered adequate for histological assessment.

Grading {#sec2-8}
-------

Steatosis is typically graded on a 0-3 scale based on the number of cells with intracellular vacuoles of fat:\[[@ref28]\]

Grade 0 (normal) = up to 5% of cells affectedGrade 1 (mild) = 5-33% of cells affectedGrade 2 (moderate) = 34-66% of cells affectedGrade 3 (severe) = 67% or greater of cells affected.

Biopsy specimens were also evaluated for portal inflammation (0-2), lobular inflammation (0-3), ballooning degeneration (0-2), and fibrosis (stage 0-4).

Statistical analysis {#sec2-9}
--------------------

The results were expressed as mean ± SD. CT and MR imaging FC were correlated with histopathologic reference standard obtained by preoperative or intraoperative liver biopsies using Spearman correlation coefficient. Receiver operating characteristic (ROC) curve analysis was also performed to determine the best cut-off values for MRI to predict any grade (mild, moderate, and severe) of hepatic steatosis. The area under the curve (AUC) was used to assess the accuracy of MRI. The best cut-off value was determined while balancing the best sensitivity with the lowest false-positive rate. Values for sensitivity, specificity, positive predictive value (PPV), negative predicative value (NPV), and positive and negative likelihood ratios with 95% confidence intervals were obtained. A likelihood ratio greater than 10 and less than 0.1 implies strong effects, whereas a likelihood ratio of 1 implies no effect.

The true positive rate is defined as the ratio of the number of correctly diagnosed fatty livers to the total number of fatty livers, which is therefore equivalent to sensitivity of a diagnostic test, and the false-positive rate is defined as the ratio of the number of normal livers diagnosed as fatty livers to the total number of normal livers.

Results {#sec1-3}
=======

Patient characteristics {#sec2-10}
-----------------------

The mean age for male and female patients was 32.58 years (range 20-55 years) and 32.7 years (range 19-55 years), respectively. The mean BMI for male and female patients was 24.62 (range 17.19-34.84) and 24.66 (range 17.85-29.75), respectively. MR fat quantification data by dual phase sequence and MRS techniques and histopathology data were available in all patients. CT LAI data were available in 62 out of 73 patients. These results are summarized in [Table 1](#T1){ref-type="table"}.

###### 

Patient characteristics

![](IJRI-26-5-g001)

Of the total 73 patients, the FC values obtained by dual phase MRI ranged between − 3.4 and 18.8 (median 1.7, mean 3.96, SD 5.73) and those obtained by MRS ranged from 0 to 31.50 (median 5.6, mean 8.47, SD 7.62). Of 62 patients in whom CT data were available, the CT LAI values ranged from − 15 to 20 (median 6, mean 5.3, SD 7.66).

The MR images in representative patients with normal hepatic FC and with hepatic steatosis are given in Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}, respectively. The CT images in representative patients with normal liver FC and with hepatic steatosis are given in Figure [3a](#F3){ref-type="fig"} and [b](#F3){ref-type="fig"}, respectively.

![(A) Dual in and opposed phase MRI (A) and MR Spectroscopy (B) in a liver donor with normal liver fat content. (A) There is minimal signal drop on opposed phase images on comparison with in phase images and the mean HFF measures 0.3% (B) Single voxel MR Spectroscopy performed in right lobe of liver shows a very small lipid peak at 1.3 ppm (small arrow) with a large water peak at 4 ppm (long arrow) and the mean hepatic fat fraction measures 2.3% (B)](IJRI-26-5-g002){#F1}

![Dual phase MRI (A) and MR Spectroscopy (B) in a donor with grade I liver steatosis (Histopathological fat fraction 20%). (A) Dual in and opposed phase MRI demonstrates significant signal drop in hepatic parenchyma on opposed phase images on comparison with in phase images with HFF measuring 8.5% (B) Single voxel MR Spectroscopy reveals moderate sized lipid peak at 1.3 ppm (small arrow) with large water peak at 4 ppm (long arrow), HFF measuring 13.7%](IJRI-26-5-g003){#F2}

![Noncontrast Axial CT scan images with ROIs placed in liver and splenic parenchyma to calculate LAI in a liver donor with normal hepatic fat content (A), and in another liver donor with hepatic steatosis (B)](IJRI-26-5-g004){#F3}

The Box plot diagrams showing imaging results in all patients are given in [Figure 4](#F4){ref-type="fig"}.

![(A) Box plot diagrams to show results of CT LAI (B) MRS and (C) Dual echo MRI](IJRI-26-5-g005){#F4}

Liver biopsy results {#sec2-11}
--------------------

The liver FC obtained by preoperative or intraoperative biopsy ranged between 0 to 35 with a mean of 7.23 \[95% confidence interval (CI), SD 9.31, median 2\]. The imaging and biopsy results are summarized in [Table 2](#T2){ref-type="table"}.

###### 

Hepatic fat quantification results on imaging and liver biopsy

![](IJRI-26-5-g006)

Out of total 73 patients, 44 patients had normal biopsy results (HFF \<5%) and 29 patients had abnormal results (HFF \>5%). Twenty-five patients had mild (5-29%) steatosis and four had moderate steatosis (\>30%). None of the patients had severe steatosis. Lobular inflammation was present in two liver biopsies and none of the patients had ballooning of hepatocytes. None of the patients had portal fibrosis on liver biopsy.

Imaging correlation with biopsy results {#sec2-12}
---------------------------------------

Dual-echo MR and MRS HFF values were strongly correlated with histological steatosis (correlation coefficients *r* = 0.871 and 0.882, respectively, *P* = 0.00; correlation being significant). CT LAI results also correlated with histological steatosis (correlation coefficient *r* = 0.713, *P* = 0.00; correlation being significant).

There was a strong correlation of CT LAI with dual-echo MRI and MRS HFF values (*r* = −0.691, *P* = 0.00 and *r* = −0.709, *P* = 0.00, respectively; correlation being significant)

There was a strong correlation between dual-echo MRI and MRS HFF values (*r* = 0.892, *P* = 0.00; correlation being significant). These results have been summarized in [Table 3](#T3){ref-type="table"}.

###### 

Diagnostic accuracy of Dual phase MRI and MR Spectroscopy for detecting hepatic steatosis

![](IJRI-26-5-g007)

The scatter plot diagrams to show correlation between the results obtained by different modalities are shown in [Figure 5](#F5){ref-type="fig"}.

![The correlation between results obtained by different modalities is shown in scatterplots. (A) Scatterplot to show correlation between Dual echo MRI and biopsy values (B) Scatterplot to show correlation between MRS and biopsy values (C) Scatterplot to show correlation between Dual echo MRI and MRS values (D) Scatter plot to show correlation between CT LAI and Biopsy values](IJRI-26-5-g008){#F5}

Comparative accuracy of various imaging modalities {#sec2-13}
--------------------------------------------------

The diagnostic accuracy of dual-echo MRI and MRS for detecting hepatic steatosis is shown in [Table 3](#T3){ref-type="table"}. Comparison could not be made with CT LAI due to its semi-quantitative nature.

Dual-echo MRI had 97% sensitivity to diagnose hepatic steatosis at a threshold value of 1.8 with 95% accuracy. MRS had 94% sensitivity to diagnose liver steatosis at a threshold value of 6.27 with 96% accuracy.

The ROC curve analyses for dual-echo MRI and MRS are presented in [Figure 6](#F6){ref-type="fig"}.

![ROC curve analysis for (A) dual echo MRI and (B) MR Spectroscopy](IJRI-26-5-g009){#F6}

CT LAI method of fat estimation has a sensitivity, specificity, PPV, NPV, and accuracy of 73%, 77.7%, 70.4%, 80%, and 75.8%, respectively.

Discussion {#sec1-4}
==========

This study assesses the accuracy of CT, dual-echo MR imaging and MRS in liver FC estimation at 3.0 T, by using histopathology as the reference standard. It demonstrated good accuracy of both MR and CT imaging methods for detection and quantification of liver steatosis, the former showing stronger correlation with the biopsy results. While comparing the two MR methods for fat quantification, greater sensitivity was shown by dual-echo MR technique (97%) compared to MRS (94%). However, MRS is a more specific method showing less false-positive results (3%) compared to dual-echo MRI (8%). Due to the high PPV and NPV, MRI data can safely be used to assess liver steatosis and avoid an unnecessary liver biopsy.

CT fat quantification, though correlating well with biopsy results (correlation coefficient *r* = 0.715), is inferior to MR methods for liver fat estimation. It has further limitations in providing semi-quantitative nature of results rather than discrete values for FC.

The two MR methods correlated well with each other, thereby implying that MR liver fat estimation can reasonably be done even on scanners lacking the software for performing liver MRS. Furthermore, when compared to MRS, MRI is less time-consuming and technically demanding, and helps to non-invasively evaluate the entire liver parenchyma, resulting in a more complete assessment of liver FC.\[[@ref29]\] This is particularly relevant in cases with heterogeneous hepatic steatosis in which sensitivity of liver biopsy is limited as less than 1/50,000^th^ of the liver is available for histological analysis.\[[@ref30]\] Even a single-voxel MRS usually includes only about 8-27 g of liver parenchyma in a voxel. However, due to the varying cut-off values on different scanners, some initial experience and biopsy correlation are required in the beginning to set one\'s own threshold values on a particular scanner.

In a very recent study including 46 patients undergoing liver resection, van Werven *et al*.\[[@ref31]\] showed that T1-weighted dual-echo MR imaging was strongly correlated with histopathologic steatosis assessment (*r* = 0.85, *P* \< 0.001). In the 23 patients with macrovesicular steatosis greater than 5%, dual-echo MR imaging showed an even stronger correlation with histopathologic examination (*r* = 0.92, *P* \< 0.001) than in the overall group. Recent studies have validated the modified 2-point Dixon method against MRS in obese and lean adolescents who were at increased risk of having or developing hepatic steatosis, and found a very strong correlation between the two methods (*r* = 0.954, *P* \< 0.001).\[[@ref32][@ref33]\] In a cohort of 28 (mean age, 15.9 ± 5.3 years) obese and lean subjects, Kim *et al*. demonstrated that a 2-point Dixon HFF cut-off of 3.6% provided a good sensitivity (80%) and specificity (87%), compared to MRS reference.\[[@ref33]\] But the cut-off values obtained by ROC analysis in our study was slightly different -- 1.8% for dual-echo MRI and 6.7% for MRS.

Recently, Idilman *et al*. have also established high correlation between MR HFF done by MR proton density fat fraction (PDFF) and MRS with histopathologic value, with no significant superiority of one method over another and with the correlation coefficient between MRI PDFF and MRS with histology-determined steatosis measuring 0.743 and 0.712, respectively.\[[@ref34]\]

Hwang *et al*. also found similar results by using breath-hold triple-echo MR imaging and MRS in living liver donor candidates, with correlation coefficient values of triple-echo MR imaging and MRS with macrovesicular steatosis being 0.886 and 0.887, respectively. However, their sensitivity and specificity values measuring 90.9 and 86.2, respectively, were less compared to our study.\[[@ref35]\]

Chiang *et al*. found that the MR IDEAL sequence has a sensitivity of 100% and specificity of 77.1% to detect hepatic steatosis (*P* \< 0.0001, 5-95% CI). In their study, MR IDEAL fat fraction results were excellent in predicting amount of liver steatosis and had good correlation with the pathology grading (2.9 ± 0.9 and 8.3 ± 4.2, respectively; *P* \< 0.0001).\[[@ref20]\] Joe *et al*. also evaluated IDEAL technique to detect hepatic steatosis in potential liver donors and showed sensitivity and specificity of 100% and 91%, respectively, for IDEAL versus 87.5% and 97%, respectively, for in- and opposed-phase imaging.\[[@ref36]\]

Aguero *et al*. studied the correlation between MRI fat fraction and histological steatosis in obese patients before and after bariatric surgery and provided a novel equation using measurement of hepatic triglyceride concentration known as Folch value which made MR fat estimation more robust.\[[@ref37]\]

Fibrosis and inflammation may be present in patients with hepatic steatosis. Fishbein *et al*. showed that hepatic MRI, based upon chemical shift imaging, was not affected by the presence of fibrosis and was able to accurately quantify the hepatic FC even in patients with significant hepatic fibrosis.\[[@ref26]\]

Since the first of these methods was introduced by Dixon in 1984,\[[@ref14]\] many researchers have made modifications to the Dixon method to decrease its sensitivity to magnetic field inhomogeneity, e.g., with the "three-point" method proposed by Glover *et al*.,\[[@ref15]\] and to reduce scan time, particularly with the introduction of fast gradient echo techniques.\[[@ref26][@ref38]\]

Our study has got some limitations, the first being lack of co-localization between the area of MRS fat estimation and the biopsy area. However, this is not believed to have much influence on our study results as none of our patients had geographic pattern of fat distribution on other fat imaging methods. Also, the results of MRS correlated well with other methods of fat estimation in almost all cases.

The second limitation of our study is use of dual-echo T1 gradient echo images without using T2\* correction. In our dual-echo T1 Gradient echo sequences (GRE) images, no corrections for T1, T2\*, or fat spectral complexity were made, and consequently, only MR signal intensities were evaluated. Recent studies have indicated that T1 weighting (flip angle) and T2 weighting (iron deposition) may interfere with accurate fat quantification.\[[@ref39][@ref40]\] However, in the study by van Werven *et al*., a strong correlation between T1-weighted dual-echo MR imaging and histopathologic results was demonstrated in the absence of any correction for T1, T2\*, or fat spectral complexity.\[[@ref39]\] In that study as well as in ours, the mean SI decay of 12 ROIs throughout the liver was measured, respectively. The T2\* correction is important in cases where iron overload problems might lead to T2 changes. As liver iron deposition is a common secondary feature of many chronic liver diseases, SI loss on in-phase gradient-echo MR images caused by the presence of liver iron is a potential pitfall in the determination of liver fat percentage at opposed-phase MR imaging in patients with chronic liver diseases. Thus, the T2\* correction is very important in cases where iron overload might lead to T2 changes, but none of our otherwise healthy liver donors had histological evidence of iron accumulation, consistent with a previous report of adult patients with non-alcoholic fatty liver disease (NAFLD) who were seen at a referral center without a special interest in disorders of iron storage.\[[@ref41]\] Moreover, the dual gradient echo MR sequence used in our study is more practical to use due to its non-complexity and wider availability.

Authors of a few studies have compared the imaging modalities to assess steatosis, and findings showed strong significant correlation between MR imaging and 1H-MRS (*r* = 0.96-0.99) and between 1H-MRS and CT (*r* = 0.83). However, these results were not compared with liver biopsy results.\[[@ref42][@ref43][@ref44][@ref45]\] Few other studies, however, did compare the imaging modalities with histopathologic findings and showed substantial variation in correlations.\[[@ref46][@ref47][@ref48][@ref49][@ref50]\]

Conclusion {#sec1-5}
==========

Our study with histological validation shows that non-invasive imaging methods including dual-echo MRI, MRS, and CT LAI are accurate measures to detect and quantify the degree of hepatic steatosis in healthy living related liver donors, thus markedly reducing the need for invasive liver biopsy and its associated complications. With the recent rise in the incidence of NAFLD, liver fat estimation by MR imaging is particularly useful as it can be repeated several times to assess treatment response without any consideration for radiation exposure. In conclusion, MR, especially with its high accuracy and sensitivity compared to CT, proves to be a robust quantitative biomarker of hepatic steatosis and a non-invasive alternative to liver biopsy.
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